In this Account, we describe our efforts in the development of new synthetic strategies for the construction of N-and Oheterocycles by exploiting palladium-catalyzed reactions using enol phosphates as an electrophilic component.
Introduction
Transition-metal-catalyzed reactions have enjoyed significant progress over the past decades. 1 In particular, palladium-catalyzed reactions have emerged as indispensable tools for the synthesis of structurally complex molecules due to their powerful bond-forming ability, wide tolerance of various functional groups, and mild reaction conditions. For example, there have been a plethora of applications of Heck, Hiyama, Negishi, Sonogashira, Stille, and Suzuki-Miyaura reactions in the synthesis of biologically active natural products and pharmaceuticals. 2 More recently, significant efforts have devoted to the development of palladium-catalyzed C-H functionalization reactions toward the realization of atom-economical synthetic chemistry. 3 However, the 'named' palladium-catalyzed reactions still remain unrivaled as a method for complex molecule synthesis because of their superb applicability and reliability.
It is well accepted that many palladium-catalyzed reactions utilize aryl or alkenyl halides or their pseudohalide counterparts as an electrophilic component. Enol triflates are a versatile electrophile in palladium-catalyzed reactions because of their ready accessibility from the corresponding carbonyl compounds and high reactivity. However, in some cases, the instability of enol triflates does not permit their storage or even isolation. In addition, commonly used reagents for the preparation of enol triflates [e.g., Tf 2 O, PhNTf 2 , and N-(5-chloro-2-pyridyl)triflimide] are expensive. On the other hand, enol phosphates are usually stable and they can be easily handled, purified, and stored. Enol phosphates are readily prepared by reacting the parent carbonyl compounds with a base and a phosphoryl chloride. Most commonly used phosphoryl chlorides, such as diphenyl phosphoryl chloride or diethyl phosphoryl chloride, are available from commercial vendors at a reasonable price. Thus, enol phosphates represent an attractive alternative to their triflate counterparts in palladium-catalyzed reactions.
In 1980, Oshima and co-workers reported the palladiumcatalyzed reaction of enol phosphates derived from ketones with organoaluminum reagents (Scheme 1). 4 Kumada and colleagues described the palladium-catalyzed coupling of an enol phosphate with TMSCH 2 MgCl. 5 These seminal papers illustrated the potential utility of palladium-catalyzed reactions of enol phosphates. It is surprising to see that the synthetic community had paid little attention to the synthetic utility of the palladium-catalyzed reactions of enol phosphates until Nicolaou and coworkers reported their application to the synthesis of medium-sized cyclic ethers: In 1997, they described that lactone-derived enol phosphates underwent Stille coupling with vinylstannanes to provide the corresponding dienes, which could be transformed into cyclic ethers via DielsAlder reaction with singlet oxygen (Scheme 2). 6 This synthetic strategy was implemented in their total synthesis of brevetoxin A, a potent neurotoxin of marine origin. Sonogashira, and Negishi reactions of lactam-derived enol phosphates, which could be utilized in the synthesis of medium-sized N-heterocycles (Scheme 3). 8 Importantly, these contributions from the Nicolaou group have shown that lactone-and lactam-derived enol phosphates readily participate in Stille, Sonogashira, and Negishi reactions. Additionally, Huffman and Yasuda have revealed that enol phosphates prepared from 1,3-dicarbonyl compounds undergo Suzuki-Miyaura coupling with arylboronic acids. 9 Thus, enol phosphates with an aheteroatom substituent or a b-keto group are sufficiently reactive toward palladium-catalyzed reactions and hence are classified as 'activated' enol phosphates.
A number of reports on palladium-catalyzed reactions of activated enol phosphates have since been described. The Coudert/Gillaizeau group and the Occhiato group have independently reported palladium-catalyzed reactions of lactam-derived enol phosphates for the synthesis of various functionalized N-heterocycles.
10,11 Intramolecular Heck reaction of a cyclic imide-derived enol phosphate has been successfully implemented in a total synthesis of (±)-cytisine by Coe. 12 Pongdee and co-workers have reported the Suzuki-Miyaura coupling of lactone-derived enol phosphates with arylboronic acids. 13 Simas et al. have recently reported Sonogashira, Stille, and SuzukiMiyaura coupling of imide-derived enol phosphates. 14 There have also been important advances in palladiumcatalyzed reactions of 'non-activated' enol phosphates. Jiang et al. from Merck Research Laboratories have synthesized trifluoromethyl-substituted piperidines and decahydroquinolines from a cyclic enamine phosphate via Stille coupling with tributyl(vinyl)stannane. 15 Miller has described the palladium-catalyzed coupling of nonactivated enol phosphates with Grignard reagents. 16 Begtrup and co-workers developed a method for the synthesis of 4-substituted tetrahydropyridines via palladium-catalyzed coupling of enol phosphates derived from 4-piperidones with arylboronic acids or phenylmagnesium chloride. 17 The Skrydstrup group has reported Heck and Negishi reactions of enol phosphates prepared from simple ketones under palladium catalysis. 18 Apart from these advances, there have been several significant developments in nickel and iron-catalyzed crosscoupling reactions of activated and nonactivated enol phosphates. For example, Kumada and colleagues have described the nickel-catalyzed coupling of enol phos- Yang and co-workers reported the nickel-catalyzed coupling of enol phosphates with arylboronic acids and organozincs. 19 Cahiez et al. have recently developed the ironcatalyzed coupling of enol phosphates with Grignard reagents. 20 The use of a nickel or iron catalyst in these reactions was found to be an effective means to promote oxidative addition of enol phosphates that are generally less reactive than the triflate counterparts.
In this Account, we provide an overview of our own efforts in the exploration of palladium-catalyzed reactions of enol phosphates. By taking advantage of their ease of handling and unique reactivity, we have been successful in the development of new synthetic strategies for the construction of N-and O-heterocycles and its implementation in the total syntheses of structurally diverse natural products and pharmaceuticals. Marine polycyclic ether natural products, secondary metabolites of marine dinoflagellates, are attractive target molecules for synthetic chemists because of their unprecedented complex molecular architecture, potent and diverse biological activity, and scarce availability from natural sources (Figure 1 ). 21, 22 Brevetoxin A (12) 23 and B (13), 24 representative members of this family of natural products, are known to bind voltage-gated sodium channels in excitable membranes and exert potent neurotoxicity. [25] [26] [27] The most striking structural feature of this class of natural products is the ladder-shaped polycyclic ether motif with strict stereochemical regularity, which is proposed 
independently by Nakanishi and Shimizu to be biosynthesized via the polyepoxide cyclization cascade. 28 These naturally occurring substances provide synthetic chemists with great opportunities for inventing new synthetic strategies.
We planned to develop a convergent synthetic strategy that allows the assembly of small cyclic ether fragments to build up structurally complex polycyclic ether molecules in an efficient manner (Scheme 4). More specifically, we envisioned that Suzuki-Miyaura coupling 29 of alkylborane 20, generated in situ from exocyclic enol ether 19, and lactone-derived enol triflate 21 would provide endocyclic enol ether 22. . However, 37 was recovered almost quantitatively under these conditions. Changing the supporting ligand to tri(2-furyl)phosphine gave the same result (entry 2). We surmised that these results would be ascribed to the lower reactivity of 37 compared to the cyclic enol triflate counterpart. According to Farina and co-workers, electron-deficient 'soft' supporting ligands, such as triphenylarsine or tri(2-furyl)phosphine, are not suitable for effecting oxidative addition of less reactive halides or pseudohalides to palladium(0) species. 35 Thus, we examined the reaction under the influence of classical Pd(PPh 3 ) 4 catalyst. To our delight, the desired endocyclic enol ether 38 was isolated in 46% yield when the reaction was carried out using Pd(PPh 3 ) 4 as a catalyst and aqueous K 3 PO 4 as a base in THF-DMF at room temperature (entry 3). The yield of 38 could be increased to 56% by performing the reaction at 50 °C (entry 4). Under these conditions, we also isolated a six-membered lactone as a byproduct, presumably this arose from hydrolysis of 37. This observation led us to examine the use of aqueous NaHCO 3 as a weak base to suppress the undesired side reaction, which resulted in the isolation of 38 in 72% yield (entry 5). Simply by employing excess molar amounts of 37, endocyclic enol ether 38 could be synthesized almost quantitatively (entries 6 and 7).
Having established reliable conditions, we examined Suzuki-Miyaura coupling of a variety of medium-sized cyclic enol phosphates (Table 2) . Gratifyingly, six-to nine-membered cyclic enol phosphates 39-43 could be coupled with alkylborane 34 derived from endocyclic enol ether 33, giving rise to endocyclic enol ethers 36, 44-47 in excellent yields. These results clearly demonstrate Scheme 6 Unsuccessful attempts at Suzuki-Miyaura coupling of seven-membered lactone-derived enol triflates 
the utility of cyclic enol phosphates in Suzuki-Miyaura coupling. 36 Moreover, we were able to complete the synthesis of the ABCD-ring fragment 32 of CTX3C from endocyclic enol ether 45 (Scheme 7). 37 Hydroboration of 45 followed by tetra-n-propylammonium perruthenate/N-methylmorpholine N-oxide oxidation 38 of the resultant alcohol delivered ketone 48 in 82% yield (two steps). Enolization of 48 with lithium hexamethyldisilazanide (LHMDS) in the presence of TMSCl/Et 3 N gave an enol silane, which was exposed to Pd(OAc) 2 39 to give enone 49 in 96% yield for the two steps. Removal of the MOM and TBS group and selective protection of the liberated primary alcohol as its TIPS Now, a wide variety of trans-fused polycyclic ethers containing medium-sized cyclic ethers can be synthesized efficiently from readily accessible cyclic ether fragments by means of the Suzuki-Miyaura coupling of cyclic enol phosphates. As outlined in Scheme 8, the generality and feasibility of our synthetic strategy have been demonstrated by three total syntheses of marine polycyclic ether metabolites, (-)-gambierol (16) 46 In addition, a number of reports on the synthesis of substructures of marine polycyclic ether natural products on the basis of our developed strategy have been described by us 47, 48 and others.
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Domino Intramolecular Heck/Diels-Alder Reaction of Imide-Derived Enol Phosphates toward the Synthesis of Fused N-Heterocycles
Since the Nicolaou's pioneering work, considerable attention has been focused on the development of new synthetic strategies for the construction of N-heterocycles via palladium-catalyzed reactions of lactam-derived enol phosphates. Important contributions to this area have been made independently from the Coudert/Gillaizeau and Occhiato groups, who showed that Suzuki-Miyaura coupling of lactam-derived cyclic enol phosphates provides a particularly efficient synthetic means for functionalized N-heterocycles. 10,11 After completing the total synthesis of (-)-gambierol (16), we became interested in expanding the scope of the palladium-catalyzed reactions of enol phosphates. As such, we moved on to explore the potential synthetic utility of acyclic imide-derived enol phosphates as a precursor in the palladium-catalyzed synthesis of N-heterocycles.
de Meijere and co-workers have reported the domino intramolecular Heck/Diels-Alder cycloaddition reaction as an effective means to construct complex polycyclic compounds in a single flask; 51-54 however, its application to the synthesis of fused N-heterocycles is rare. 51b We planned a domino intramolecular Heck/Diels-Alder cycloaddition starting from enol phosphates, as illustrated in Scheme 9. Thus, enol phosphate 54 with a pendant olefin, available from an appropriate imide derivative, would undergo intramolecular Heck reaction to generate 2-[(alkoxycarbonyl)amino]-1,3-diene 55, which could be reacted with an appropriate dienophile to provide fused Nheterocycle 56.
To test the validity of this idea, we prepared acyclic enol phosphate 57 from N-(2-iodophenyl)acetamide in three steps (Scheme 10). Stille coupling 55 of 58 with tributyl(vinyl)stannane [PdCl 2 (PPh 3 ) 2 , THF, reflux] gave styrene derivative 59 in 94% yield. Protection of the amide nitrogen (Boc 2 O/DMAP) gave imide 60 quantitatively, which was treated with potassium hexamethyldisilazanide (KHMDS) in the presence of diphenyl phosphoryl chloride and HMPA (THF, -78 °C) to afford acyclic enol phosphate 57. Although this material could be purified by silica gel column chromatography, we found that purification at this stage was not necessary for subsequent domino reaction. We were delighted to find that, upon treatment of 57 with 10 mol% Pd(PPh 3 ) 4 in the presence of potassium carbonate and methyl acrylate in DMF at 80 °C, an inseparable 2:1 mixture of 62a,b was isolated in 75% yield (Scheme 11). This result suggested that the reaction proceeded via the intermediacy of indole-2,3-quinodimethane 61. 56, 57 This assumption was confirmed by performing the reaction in the absence of a dienophile, providing the known spirocycle 63 in 49% yield, which had been reported to arise from dimerization of N-Bocprotected indole-2,3-quinodimethane. 57 A variety of dienophiles, including acrylonitrile, methyl vinyl ketone, dimethyl fumarate, and N-methylmaleimide, could be utilized in this domino reaction (Table 3 , entries 1-4). Furthermore, a series of substituted tetrahydrocarbazoles were synthesized in good yields from the respective acyclic enol phosphates, indicating that various substitution patterns on the benzene ring could be tolerated (entries 5-11). In addition, the present synthetic strategy could be extended to non-benzo-fused N-heterocycles. Two illustrative examples are shown in entries 12 and 13. Thus, exposure of enol phosphate 71 to 10 mol% Pd(PPh 3 ) 4 and 1.2 equivalents of K 2 CO 3 in DMF at 80 °C generated a diene, which without isolation was reacted with 1.2 equivalents of dimethyl fumarate to afford hexahydroindole derivative 84a,b in 73% yield as a 1:1 mixture of diastereomers. In a similar manner, octahydroquinoline derivatives 85a,b were synthesized from enol phosphate 72 in moderate yield. Thus, this work demonstrates the synthetic utility of imide-derived enol phosphates in intramolecular Heck reaction and provides a new strategy for the synthesis of fused N-heterocycles via the intermediacy of 2-[(alkoxycarbonyl)amino]-1,3-dienes. 58 
Scheme 7 Synthesis of the ABCD-ring fragment 32 of CTX3C
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Scheme 8 Total synthesis of (-)-gambierol, (+)-gymnocin A, and (-)-brevenal
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Strategies for the Synthesis of 2-Substituted Indoles and Indolines via Suzuki-Miyaura Coupling of Imide-Derived Enol Phosphates
Indole and indoline derivatives are important structural motifs that are abundantly present in a variety of biologically active natural products and pharmaceuticals. 59, 60 The development of efficient strategies for the synthesis of indole and indoline derivatives has been one of the most intense research areas in organic chemistry. We were intrigued by the possibility that palladium-catalyzed reactions of enol phosphates prepared from acyclic imides would provide a novel access to these biologically important scaffolds.
Our synthetic strategies toward 2-substituted indole and indoline derivatives are summarized in Scheme 12. On the basis of our previous experience with the SuzukiMiyaura coupling, we thought that it might be possible to 
Entry
Enol phosphate Product(s) (yield; ratio)
Scheme 9 Our idea using the domino intramolecular Heck/DielsAlder cycloaddition for the synthesis of fused N-heterocycles To test the feasibility of the above idea, enol phosphates 90a-c were prepared from the corresponding imide and their Suzuki-Miyaura coupling was investigated (Table 4) . Upon treatment of 90a with phenylboronic acid (1.1 equiv) in the presence of Cs 2 CO 3 (3 equiv) and Pd(PPh 3 ) 4 (10 mol%) in 1,4-dioxane at 60 °C, enecarbamate 91a was isolated in 47% yield along with indole 92 in 24% yield (entry 1). By contrast, when the reaction was carried out in 1,4-dioxane-water at 50 °C, enecarbamate 91a was isolated in 72% yield with no trace amount of 92 (entry 2). We found that the reaction could be better performed using THF or DMF; in the latter solvent, the reaction was complete within one hour and the yield of 91a increased to 90% (entry 4). Only traces (<5%)
A variety of 2-substituted indole derivatives were synthesized, as summarized in Table 5 . In all cases, chemoselective Suzuki-Miyaura coupling proceeded cleanly to afford enecarbamates 91a,b, 93a,b, 94a, 95a,b, 96a, 97a, 98b, and 99b in excellent yields. Intramolecular Heck cyclization of enecarbamates derived from o-bromoaniline (i.e., 91a, 93a, 94a, 95a, 96a, and 97a) was best performed using Pd(PPh 3 ) 4 (10 mol%) and Et 3 N (10 equiv) in Scheme 10 Preparation of enol phosphate 57 Scheme 11 A new method for the generation of indole-2,3-quinodimethane DMF at 100 °C. 61 Under these conditions, 2-substituted indole derivatives 92, 100-104 could be synthesized in good to excellent yields (entries 1-6). On the other hand, enecarbamates prepared from o-chloroaniline (i.e., 91b, 93b, 95b, 98b, and 99b) underwent clean cyclization under the influence of the Pd(OAc) 2 /2 X-Phos 62 catalyst system (10 mol%) in the presence of Cs 2 CO 3 (3 equiv) as a base in 1,4-dioxane at 100 °C or at 160 °C under microwave irradiation to afford 2-substituted indoles 92, 100, 102, 105, 106 (entries 7-11).
Moreover, the unique reactivity of enol phosphates provided a nice opportunity to develop a novel palladium-catalyzed domino reaction. In a previous experiment on Suzuki-Miyaura coupling of enol phosphate 90a and phenylboronic acid, 2-substituted indole 92 was isolated in low yield (see Table 5 , entry 1). This result suggested that intramolecular Heck reaction of enecarbamate 91a took place as a side reaction under these conditions. After examining several reaction conditions, we found that domino Suzuki-Miyaura coupling/intramolecular Heck reaction of enol phosphate 90a could be achieved efficiently under the Jeffery conditions 63 to deliver 2-substituted indoles in a one-pot manner (Scheme 13). Thus, reaction of 90a with an arylboronic acid in the presence of 10 mol% of Pd(PPh 3 ) 4 , Cs 2 CO 3 , and n-Bu 4 NBr in DMFwater at 50 to 70 °C directly gave indole derivatives 92, 100, and 101 in moderate to good yields. During the course of this research project, we noticed that the palladium-catalyzed cyclization of enamines derived from o-haloanilines is often classified as an intramolecular Heck cyclization, 61a,b,d-h although a different mechanism that involves a six-membered palladacycle intermediate has also been postulated to account for the reaction. 65 As depicted in Scheme 15, we proposed that the palladium-catalyzed cyclization of o-haloanilinederived enecarbamates proceeds via intramolecular Heck reaction, which was supported by an unexpected finding we made during our attempts to expand the scope of our strategy toward the synthesis of 2,3-disubstituted indole derivatives. An illustrative example is shown in Scheme 16. When enecarbamate 113 was exposed to the previously optimized conditions, dihydroquinoline 114 was isolated in 52% yield as the sole isolable product, and 2,3-disubstituted indole 115 was not observed even in trace amounts. This reaction would start with oxidative addition of 113 to a palladium complex followed by migratory insertion of 116 into the enamine double bond to generate intermediate 117. Intramolecular C-H activation 66 of 117 followed by reductive elimination of 118 would result in cyclopropanation to deliver 119, which would then undergo ring expansion to afford dihydroquinoline 114. On the other hand, the formation of 2,3-disubstituted indole 115 would be retarded because antib-hydride elimination of 117 is required for this pathway. From these observations, it is likely that the palladiumcatalyzed cyclization of o-haloaniline-derived enecarbamates is based on an intramolecular Heck reaction.
We then turned our attention to 5-endo-trig aryl radical cyclization of o-bromoaniline-derived enecarbamates for the synthesis of 2-substituted indolines (Table 6 ). Although it is well accepted that 5-endo-trig cyclization is generally disfavored due to geometric constraints (Baldwin's rule 67 ) and application of 5-endo-trig radical cyclization 68 for the synthesis of indoline derivatives has not been reported, we were intrigued to find that treatment of 91a with n-Bu 3 SnH/AIBN in toluene at 100 °C (entry 1, Method A) smoothly afforded indoline 120 in 82% yield. The aryl radical cyclization of 91a could also be carried out by its exposure to samarium(II) iodide in the presence of t-BuOH as a proton source in THF-HMPA at room temperature, giving 120 in 90% yield (entry 1, Scheme 13 Domino Suzuki-Miyaura coupling/intramolecular Heck reaction for the synthesis of 2-substituted indole derivatives 
Scheme 16
Unexpected formation of dihydroquinoline derivative 114 and a plausible mechanism for its formation
[ a n t i -β-hydride By exploiting the unique reactivity toward palladium-catalyzed reactions, this work further illustrates the utility of imide-derived enol phosphates for the synthesis of Nheterocycles.
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Palladium-Catalyzed Reduction of Enol Phosphates: Total Synthesis of (±)-Lennoxamine and (±)-Chilenine
Enol ethers and enamides are the versatile intermediates in organic synthesis, and a variety of methods for their preparation have been described to date. 70 For the preparation of simple vinyl ethers, Hg(II)-, Pd(II)-or Ir(II)-catalyzed transetherification [71] [72] [73] is presumably the most frequently utilized method. However, it is difficult to synthesize structurally complex acyclic enol ethers via transetherification, because the reaction is reversible and necessitates the use of excess amounts of 'enol donor' to drive the reaction to completion. In contrast, acyclic enamides are easily accessed via acylation of the corresponding enamines, 74 although this method is not applicable when amines and carbonyl compounds are less reactive. On the other hand, cyclic enol ethers and enamides can be synthesized via dehydration of the corresponding hemiacetals 75 and hemiaminals, 76 respectively, or ring-closing metathesis of their acyclic counterparts. 77, 78 However, there is no general method for the preparation of enol ethers and enamides.
Greene and co-workers have reported that enol ethers could be synthesized in moderate to good yields by reduction of enol phosphates with triethylaluminum in the presence of Pd(PPh 3 ) 4 catalyst. 79 Other methods for reduction of enol phosphates involve the use of titanium metal, 80 Li/ NH 3 , 81 or lithium dibutylcupurate 82 by SET mechanism. We became interested in the synthesis of enol ethers and enamides via palladium-catalyzed hydride reduction of enol phosphates. 83 It is well accepted that enol triflates can be reduced with tributylstannane or triethylsilane under palladium catalysis. 84 We first examined the reduction of enol phosphate 125, prepared from the corresponding ester according to the procedure of Greene and co-workers, using excess tri-n-butylstannane in the presence of Pd(PPh 3 ) 4 (Table 7 , entry 1). However, we only detected trace amounts of enol ether 126, mainly because dimerization of tri-n-butylstannane occurred predominantly under these conditions. In contrast, reaction of 125 with five equivalents of triethylsilane and 10 mol% of Pd(PPh 3 ) 4 in DMF at 60 °C gave enol ether 126 in 86% yield, although a significant degree of stereochemical erosion was observed (entry 2). Among the hydrosilanes examined, dimethyl(phenyl)silane proved to be the best hydride source (entry 3). Treatment of 125 with five equivalents of dimethyl(phenyl)silane in the presence of Pd(PPh 3 ) 4 in DMF at 60 °C provided enol ether 126 as a ca. 5.6:1 mixture of Z/E isomers. Although enol ether 126 could be isolated in a more geometrically pure form (Z/E ca. 9.1:1) by running the reaction at room temperature, the net yield declined under these conditions (entry 4). The use of methyl(diphenyl)silane, triphenylsilane, and diphenylsilane resulted in enol ether 126 in moderate stereoselectivity (entries 5-7), while tris(trimethylsilyl)silane was found to be ineffective (entry 8).
The plausible mechanism of the present reaction is illustrated in Scheme 17. 85 The catalytic cycle starts with oxidative addition of R Si-Pd(II)-H intermediate to the product followed by elimination. We have also screened several palladium catalysts, including Pd(PPh 3 ) 4 , Pd(OAc) 2 /(2-furyl) 3 P, Pd(OAc) 2 /Cy 3 P, and Pd(OAc) 2 / 2-(dicyclohexylphosphino)biphenyl, among which Pd(PPh 3 ) 4 was found to be the most effective catalyst for the present reaction.
Application of the palladium-catalyzed reduction of enol phosphates to a variety of substrates was next examined; two representative examples are shown in Scheme 18.
The synthetic utility of the palladium-catalyzed reduction of enol phosphates was further demonstrated in the total 
Scheme 17 Plausible reaction mechanism [X = OP(O)(OPh) 2 ]
Scheme 18 Synthesis of enol ether 129 and enecarbamate 132 (134) 87 (Schemes 19 and 20) . These naturally occurring isoindolobenzazepine alkaloids are isolated from Chilean barberries Berberis darwinii and Berberis empetrifolia. These natural products have long been intriguing synthetic targets for organic chemists due to their characteristic molecular structure. 88 We envisioned that the isoindolobenzazepine skeleton of 133 and 134 could be constructed via radical-mediated 89 and palladium-catalyzed 90 cyclization of enamide 135, respectively. 91 The enamide 135 would, in turn, be prepared from enol phosphate 136 by means of chemoselective palladium-catalyzed reduction (Scheme 19).
The synthesis of 133 and 134 started with amidation of commercially available, 3,4-(methylenedioxy)phenylacetic acid (138) with aminoacetaldehyde dimethyl acetal (Scheme 20). This gave amide 139 in 99% yield. Treatment of 139 with HCl in AcOH at room temperature gave enamide 140 in 59% yield, which was hydrogenated to deliver lactam 137 in 83% yield. Acylation of 137 with acid chloride 141 was best performed in the presence of 4Å molecular sieves (1,2-dichloroethane, 65 °C), which afforded imide 142 in 99% yield. Upon treatment of 142 with KHMDS in the presence of diphenyl phosphoryl chloride (HMPA, THF, -78 °C) delivered enol phosphate 136. This was reacted with dimethyl(phenyl)silane and 10 mol% Pd(PPh 3 ) 4 in DMF at 80 °C to furnish enamide 135 in 61% yield for the two steps. According to the procedure reported by Funk, 88l exposure of 135 to tri-n-butylstannane in the presence of AIBN in refluxing benzene furnished (±)-lennoxamine (133) in 67% yield, along with a debrominated derivative of 135 in 25% yield. On the other hand, palladium-catalyzed cyclization of 135 was performed by the action of Pd(PPh 3 ) 4 catalyst, potassium acetate, and tri-n-butylammonium chloride in DMF at 115°C , 90 which afforded dehydrolennoxamine (143) in 84% yield (recovered 135, 9%). Since Danishefsky and Fang had previously reported transformation of 143 into (±)-chilenine (134), 88u the present synthesis constitutes a formal synthesis of this natural product. Thus, the total synthesis of (±)-lennoxamine (133) 
Scheme 20 Total synthesis of (±)-lennoxamine and (±)-chilenine Figure 2 ). 93 They proposed gross structure including relative stereochemistry of this naturally occurring substance as represented by 144 on the basis of extensive 2D-NMR analysis. However, Panek et al. reassigned the relative stereochemistry and established the absolute configuration of (+)-neopeltolide as 145 through total synthesis. 94 This natural product exhibits potent antiproliferative activity against several cancer cell lines with nanomolar concentrations (IC 50 = 1.2, 5.1, and 0.56 nM against the A-549 human lung adenocarcinoma, the NCI-ADR-RES human ovarian sarcoma, and the P388 murine leukemia cells, respectively) as well as potent antifungal activity against pathogenic yeast Candida albicans (MIC = 0.625 mg/mL). Kozmin et al. reported that neopeltolide targets cytochrome bc 1 complex and may inhibit mitochondrial ATP synthesis. 95 The synthetically challenging molecular structure coupled with the intriguing biological aspects of (+)-neopeltolide make it a rewarding synthetic target for organic chemists. Accordingly, a number of total and formal syntheses and structure-activity relationships study have been reported.
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Figure 2 Proposed structure 144 and correct structure 145 of (+)-neopeltolide As a part of our efforts to expand the scope of palladiumcatalyzed reactions of enol phosphate, we embarked on the total synthesis of (+)-neopeltolide (145). Our synthesis plan is illustrated in Scheme 21. The oxazole-containing side chain was to be introduced via Mitsunobu reaction 97 of macrolactone 146 and carboxylic acid 147 98 at the last stage of the total synthesis. Macrolactone 146 was planned to be assembled though Yamaguchi lactonization. 99 We planned to forge the 2,4,6-trisubstituted tetrahydropyran substructure of 146 by stereoselective reduction of dihydropyran 148, which in turn could be obtained via Suzuki-Miyaura coupling of alkylborate 150 derived from iodide 149 and acetate-derived enol phosphate 151, followed by ring-closing metathesis. Here, we planned to use acyclic enol phosphate 151 because the corresponding cyclic enol phosphate could not be prepared. However, at this stage, we were not sure whether Suzuki-Miyaura coupling of 151 with alkylborate 150 predominates over the potentially competitive intramolecular Heck reaction of 151 (see Table 3 , entry 13 for a relevant example).
Scheme 21 Planned synthesis of (+)-neopeltolide (145)
The synthesis of acetate-derived enol phosphate 151 started with protection of homoallylic alcohol 152 100 [MP-MOC(=NH)CCl 3 , Sc(OTf) 3 ] followed by olefin crossmetathesis 101 with methyl acrylate in the presence of G-II catalyst 102 provided enoate 153 in 69% yield (DIBALH) (Scheme 22). Diisobutylaluminum hydride (two steps) reduction of 153 followed by Sharpless asymmetric epoxidation delivered epoxy alcohol 154 in 95% yield (two steps) as a single stereoisomer, which was converted into allylic alcohol 155 via iodination/zinc reduction in 87% yield for the two steps. A three-step protective group sequence gave acetate 156 in near quantitative yield, which was smoothly elaborated to enol phosphate 151 by treatment with KHMDS/diphenyl phosphoryl chloride The synthesis of iodide 149 commenced with acetalization of the known 1,3-diol 157 103 (p-anisaldehyde dimethyl acetal, CSA) followed by regioselective reductive cleavage of the resultant acetal with DIBAL-H to afford alcohol 158 in quantitative yield (Scheme 23). Oxidation of 158 with Dess-Martin periodinane (DMP) 104 and subsequent chelation-controlled allylation of the derived aldehyde 159 (allylSiMe 3 , MgBr 2 ·OEt 2 , CH 2 Cl 2 , 0 °C) gave homoallylic alcohol 160 in 99% yield (dr 14:1). Methylation of 160 with MeI/NaH delivered methyl ether 161 quantitatively. Hydroboration of 161, oxidation of the derived primary alcohol to the corresponding carboxylic acid, and condensation with (S)-4-benzyloxazolidin-2-one (162) 105 led to imide 163 in 83% yield for the four steps. Asymmetric alkylation of 163 under Evans conditions (NaHMDS, MeI, THF, -78 °C) 106 gave methylated product 164 in 91% yield as a single stereoisomer. Reductive cleavage of the chiral auxiliary from 164 with sodium borohydride in THF-water 107 yielded an alcohol, whose iodination under standard conditions afforded iodide 149 in 97% yield (two steps).
With the requisite fragments in hand, we investigated the Suzuki-Miyaura coupling/ring-closing metathesis sequence (Scheme 24). With a slight modification of the Marshall protocol, 108 lithiation of iodide 149 with tertbutyllithium in the presence of B-MeO-9-BBN in diethyl ether at -78 °C followed by dilution with THF and warming the resultant mixture to room temperature generated alkylborate 150. Without isolation, this was reacted with enol phosphate 151 by the action of Pd(PPh 3 ) 4 catalyst and aqueous Cs 2 CO 3 in DMF at room temperature to provide diene 165. We found it important to perform the reaction at room temperature, because hydrolysis of enol phosphate 151 was observed at 50 °C as a side reaction. Interestingly, we did not observe any products that originate from the possible intramolecular Heck reaction of enol phosphate 151. Upon exposure of 165 to G-II catalyst in toluene at 70 °C, ring-closing metathesis proceeded smoothly to furnish dihydropyran 148 in 78% yield from iodide 149. Stereoselective hydrogenation of 148 afforded 2,4,6-trisubstituted tetrahydropyran 166 in 81% yield as a single stereoisomer. The stereochemistry of the newly generated stereogenic center within 166 was established by NOE experiments as shown.
Completion of the total synthesis of (+)-neopeltolide is delineated in Scheme 25. After deprotection of the TIPS group within 166 (TBAF, THF, 97% yield), the liberated alcohol was oxidized into carboxylic acid and then esterified with TMSCHN 2 to give methyl ester 167 in 89% yield for the three steps. Cleavage of the MPM group and saponification of the methyl ester with potassium trimethylsilanolate (TMSOK) 109 rotation value of synthetic 145 were in excellent agreement with those of the natural product.
Our Suzuki-Miyaura coupling/ring-closing metathesis strategy allowed us to access a variety of structural analogues of (+)-neopeltolide, as depicted in Figure 3 . Evaluation of the cytotoxic property of these compounds against P388 murine leukemia cells revealed that 9-demethylneopeltolide (170) (IC 50 = 0.81 nM) and 11-demethoxyneopeltolide (171) (IC 50 = 3.7 nM) display almost equipotent activity to that of synthetic 145 (IC 50 = 0.90 nM). The fact that 11,13-bis-epi-neopeltolide 144 exhibits only tenfold lower cytotoxicity than parent 145 (IC 50 = 10 nM) also suggested that the peripheral substituents on the northern hemisphere of the macrolactone ring could be altered and/or deleted without significantly affecting the cytotoxicity. By contrast, so-called 'neopeltolide macrolactone' 146 and oxazole-containing side chain 147 (and its methyl ester) did not show any appreciable cytotoxic property even at 100 nM. These results clearly suggested that both the macrolactone skeleton and the oxazole-containing side chain are indispensable structural elements for the potent cytotoxicity of (+)-neopeltolide. 110 
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Concluding Remarks
It seems that the synthetic utility of enol phosphates, especially in palladium-catalyzed reactions, has long been underappreciated. The ease of handling, stability, and unique reactivity of enol phosphates provided us with great opportunities to devise new synthetic strategies for the construction of N-and O-heterocycles via palladiumcatalyzed reactions. The total syntheses of structurally diverse natural products and pharmaceuticals clearly showcase the feasibility and versatility of our developed synthetic strategies. We hope that the chemistry described in this Account will trigger further advances in this area. 
